Male fiddler crabs either produce lateral or vertical waves. The function of lateral waves is well documented, but vertical waves have been largely unexplored. Here we explore the function of vertical claw-waving by the Japanese fiddler crab Uca arcuata by examining the context in which males produced both directed waves (the waver is facing a nearby crab) and undirected waves (waving when no other crabs are present). There are two types of mating in this species: burrow mating (the male chases a female to his burrow and they mate underground); and surface mating (the male holds the female down and they mate on the surface). Attempted burrow matings were more likely to be preceded with directed waving at the female than were attempted surface matings (83% vs. 50%). All successful burrow matings were preceded by directed waving at the female, while only 50% of successful surface matings were preceded by directed waving. Undirected waving was given in the absence of a nearby crab. The frequency of undirected waving was not related to the number of males within a 60 cm radius around the male, but was negatively related to the number of females within that distance. This suggests that undirected waving acts as a long-range female attractant.
INTRODUCTION
The claw waving display by fiddler crabs (genus Uca) has been categorized into two different types: vertical, and lateral (Crane, 1957 (Crane, , 1975 . Vertical wavers are 'narrow front' species (small distance between their two eye stalks) and are most likely to mate on the surface of the sediment, while lateral wavers are 'broad front' species and are most likely to mate in burrows (Crane, 1975; deRivera and Vehrencamp, 2001) . The function of claw waving has been extensively studied in lateral wavers and has been shown to play a role in inter-male aggression (Verwey, 1930; Peters, 1955; Salmon, 1984 Salmon, , 1987 as well as female courtship (Altevogt, 1957; Salmon and Atsaides, 1968; Yamaguchi, 1971; Nakasone and Murai, 1998; Pope, 2000 Pope, , 2005 . The function of waving in vertical wavers has received few attentions apart from the observation that males often wave at females before mating with them (Murai et al., 1995 (Murai et al., , 1996 How and Hemmi, 2008) .
The present study was undertaken to explore the function of the vertical waving by the Japanese fiddler crab Uca arcuata (De Haan, 1835) . We documented the context of directed waving in which males faces a nearby crab and displayed directly to them; and undirected waving in which males waved when no other crabs were nearby.
MATERIALS AND METHODS
Field observation of the waving display performed by male U. arcuata, was made on the tidal flat of the Yoshinogawa River Estuary in Tokushima Prefecture, Japan (34u59N, 134u349E), during the period of May to August in 2008 and July to August in 2009.
To characterize the context in which the directed waving was performed, we recorded the surface activities of adult males using focal sampling. The behavior of 104 males was recorded for 8-15 minutes using a video camera (SONY DCR-PC300K MiniDV Handycam). From the video we noted the incidences of directed waving, species and sex of the crab to which the waving was directed and the response of the target crab to the directed waving (fleeing, approach, stopping motion, attack, and non-response). In cases where the target crab was a female, we documented the subsequent behavior of the crabs (male chased female; female fled; female approached male; pair mated on surface; pair mated underground).
To characterize the context of undirected waving, we recorded (using the same video camera) the waving of a male (n 5 5) when no nearby crab was present. We included an area of mudflat with a 60 cm radius around the waving male. Using the video, we counted the number of males and females present in this area. We counted the number of undirected waves given by the focal male for six 10-minute periods around low tide. We used general linear models to determine the effects of abundance of males and females on the waving frequency of focal males, including focal male identity as a random factor to statistically control for the difference among focal males.
RESULTS
Vertical claw-waving by male U. arcuata, in either directed or undirected wave, consists of simple up and down movement in which major claw is lifted slowly to a level above the eye without unflexing, and then quickly lowered back to the initial position. There is no jerk during the entire movement.
We observed directed waving on 142 occasions by 104 burrow-holding males. The crab to which the waving was JOURNAL OF CRUSTACEAN BIOLOGY, 31(3): [413] [414] [415] 2011 directed were usually females (Table 1 , 109/142; 77%). The most common response of the females was to flee from the waving male (Table 1 , 71/109; 65%).
Attempted surface matings were observed on 24 occasions. The male approached the female and held her down to copulate. In 10 of these cases (42%), the attempted mating was preceded by waving directed at the female. There were four cases of successful surface mating, two of which were preceded by directed waving at the female. Of the 20 unsuccessful attempted matings, eight were preceded by directed waving (40%; Fisher's exact probability test, 2/4 vs. 8/20, P 5 0.27, n 5 24).
Attempted burrow mating was observed 18 times. Directed waving preceded the male chasing the female to his burrow on 15 occasions (83%). In 12 cases, the burrow mating attempt was successful, and in all these cases the attempt was preceded by directed waving. Only 50% (3/6) of the unsuccessful burrow mating attempts were preceded by directed waving (Fisher's exact probability test, 12/12 vs. 3/6, P 5 0.02, n 5 18).
The frequency of undirected waving by focal males was independent of the abundance of males in the 60 cm radius around the male (Fig. 1A , general linear model, F 5 1.792, P 5 0.193), but negatively influenced by the abundance of females in that area (Fig. 1B , general linear model, F 5 7.308, P 5 0.013).
DISCUSSION
The majority of fiddler crab studies have been on lateral wavers and it has been shown that males perform waving displays both during female courtship and during territorial defense (Crane, 1975; How et al., 2007) . We have very little knowledge about the function of waving in vertical waving species. Here we show that, in the vertically waving fiddler crab U. arcuata, waving was directed more frequently to females than males. It was also more frequently used before burrow mating than surface mating. Furthermore, burrow mating attempts were more likely to succeed when preceded by waving that was directed at the female. This suggests that the directed waving display functions in courtship rather than territorial defense.
Waving by male lateral wavers such as Uca lactea (De Haan, 1835), U. perplexa (H. Milne Edwards, 1837) and U. annulipes (H. Milne Edwards, 1837), was directed at approaching females to lead them to the males' burrows (Yamaguchi, 1970; Backwell and Passmore, 1996; Nakasone and Murai, 1998) . Vertical wavers such as Uca polita Crane, 1975 , U. tetragonon (Herbst, 1790) , U. rosea (Tweedie, 1937) and U. elegans George and Jones, 1982 , are also known to direct their vertical waves at nearby females for them to approach the burrows (von Hagen, 1993; Murai et al., 1995 Murai et al., , 1996 How and Hemmi, 2008) . In U. arcuata, on the contrary, the target of the directed waving, most of which were females, usually fled from the waving male. The male waves at the female, she flees and is chased by the male. The female then enters the male's burrow and mating occurs underground. This suggests that the waving directed at the female forms part of a complex mate attraction system. Chasing a female for mate acquisition is also employed in male U. deichmani Rathbun, 1935 (Zucker, 1983 or male U. vocans (Linnaeus, 1758) (Nakasone, 1983; Salmon, 1984; Dyson, 2008) . Herding a female to the male's burrow during the courtship of U. elegans (How and Hemmi, 2008 ) is similar to chasing a female for mating. Males of these species, however, do not always perform the directed waving when chasing or herding a female.
The intensity of the undirected waving by male ocypodoid crabs is influenced by the presence of female neighbors in Scopimera globosa (De Haan, 1835) (Moriito and Wada, 2000) , Uca pugilator (Bosc, 1802) (Pope, 2000) and U. perlexa (How et al., 2007) , while by male neighbors in Ilyoplax pusilla (De Haan, 1835) (Ohata and Wada, 2008) . In the former group, the male's waving rate increases under presence of females (Moriito and Wada, 2000; Pope, 2000) . The undirected waving documented Fig. 1 . The relationship between the focal male's waving frequency (number of waves during 10-minute observation period) and the number of neighboring males (A) and neighboring females (B). The same symbol represents the same focal male.
here in U. arcuata contrasts with these examples in that the waving rate increased with a decrease in the density of female neighbors. This suggests that the undirected waving in U. arcuata is not functioning to elicit individual female approaches as in S. globosa (Ohata et al., 2005) . A possible function of the undirected waving by U. arcuata would be broadcasting to distant females. If the distant female detects the waving and approaches the male, the male would shift their courtship to performing directed waving. Undirected vertical waving by U. elegans is considered as broadcasting signal to attract unseen females or to warn neighboring males (How and Hemmi, 2008) . In U. arcuata, however, the function to warn neighboring males is unlikely because the neighboring males had no influence on the waving rate of the males, as shown in the present study. Future study is needed to confirm whether the undirected waving attracts distant females to the waving males.
